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Abstract 
 
This paper aims to trace surface evolution in the wheel-rail interface using data 
obtained from a twin-disc testing machine and the surface replication technique. 
Changes in the surface profile of the rail testing disc are explicitly analysed 
according to the wear mechanism, which helps elaborate a better understanding of 
the attrition of asperities during the wearing-in process of surface modification. The 
surface profile amplitude was seen to decrease during the initial running-in phase of 
the experiment cycle, and after reaching a saturation value, the profile amplitude 
then increased. Ultimately the results show that grinding will roughen the rail 
surface and the wheel-rail contact conditions will then remove this surface damage 
to some saturation value of the profile height. The variation in the rail surface profile 
beyond this point is then only dependant on the contact conditions which exist 
between the wheel and rail during normal operation.  
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1  Introduction 
 
The variations in the wheel and rail surface profiles have a significant impact on the 
area of contact between the two components. In particular, noise dissipation and 
surface wear have been extensively observed due to the roughness of rail profiles. 
Variations in the contact patch have also been shown to modify the friction 
characteristics of the wheel-rail interface which leads to traction loss and changes in 
the wear regime. It’s therefore vital to understand the implications of increasing the 
roughness of rail profiles during grinding to determine contact patch variations.  
Lewis and Olofsson [1] provided evidence that higher friction coefficients 
(typically above 0.3) tend to increase shear stress on the rail head, while coefficients 
below 0.3 showed plastic flow below the rail surface. Several studies have also 
revealed that plastic flow of the rail material occurs when the maximum contact 
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pressure exceeds the plastic shakedown limit. However, some empirical research [2] 
has highlighted that even though the rail systems may operate in the elastic regime 
with low traction coefficients, cross sections of the rail showed substantial plastic 
deformation in the sub-surface layer, typically 15-20μm [3]. This theory was 
developed further by Kapoor et al. [4] which showed that the surface of rails are 
rough at a micro scale and therefore maximum shear stress is more likely to occur 
approximately 50μm below the surface due to asperity contact, which eventually 
leads to sub-surface crack initiation. Asperity contact represents a fraction of the 
apparent contact patch area and therefore induces high pressure loads that are 
responsible for plastic deformation. This phenomenon can also be seen in literature 
on bearing mechanics, which further validates a rail profile surface roughness study. 
Furthermore, Nelias et al. [5] demonstrated the effects of surface dents and 
roughness on the magnitude of maximum shear stress where sliding occurs between 
the contact surfaces. The research also postulated that failure of roughened surfaces 
can commence near to the surface or sub-surface of the material depending on the 
degree of roughness of the contact loading conditions. In particular, deep spalls on 
the surface of the rail were shown to occur during high normal loads, despite low 
roughness levels and good elasto-hydrodynamic lubrication. Based on this research, 
plastic flow and sub-surface damage is more likely to occur below the surface for 
large roughness levels which produce variations in the contact patch conditions [5]. 
Rail surfaces are regularly ground to remove surface and sub-surface cracks 
which have formed due to the phenomenon discussed previously. This eliminates the 
chance of rolling contact fatigue failure but subsequently increases the roughness of 
the rail surface and develops shear stress in the sub-surface layer. Based on previous 
research, removal of surface cracks is fundamental to preserving the life of the rail 
profile and avoiding failures, but there is the possibility that other forms of surface 
damage may result due to this maintenance procedure.  
Rolling noise has also become a prominent social issue with railroads. Jian et al. 
[6] concluded that the level of roughness in decibels (equation 1) was significantly 
greater at the wheel-rail contact area, when compared with areas near the profiles 
edge. Furthermore, Thompson [7] discussed theoretical models to determine the 
relationship between rolling noise and surface roughness. The results showed 
conclusive evidence of a linear relation between these two variables. Each of these 
articles referred to measurement of surface roughness using equation (1), 
 
 
𝐿𝑅  =  20𝑙𝑜𝑔 (
𝑅𝑟𝑚𝑠
𝑟𝑜
) 
 
(1) 
 
Where Rrms is the root mean square of the roughness profile and ro is the reference 
value (typically referred to as 1μm). Ultimately there are many effects of surface 
roughness in the wheel-rail interface based on the current literature. This paper 
therefore aims to examine the surface evolution of a rail disc used during a twin-disc 
testing program. A particular interest is in the surface evolution of the disc profile 
over the entire experiment cycle, and mostly importantly, after grinding was 
completed. Results are discussed in relation to the condition of the surface profile 
after grinding, which can be related to the current body of research.  
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2  Experimental method 
 
This experiment was completed by simulating the wheel-rail contact using a twin-
disc testing machine and observing the properties of the rail disc surface during the  
procedure using the surface replication technique. Each replica taken of the disc 
surface was analysed using the DektakXT stylus microscope developed by Bruker.  
 
2.1 Twin-disc testing  
 
The test rig used for the experiments presented in this paper was operated with a 
large and small disc (297mm and 148mm in diameter) that were casted and 
machined from an Australian standard rail material (AS1085.1-2002). During this 
test, a normal load of 15kN and a traction force of 1485N were applied to each disc, 
and the speed was measured using 5400 pulse-per-revolution incremental shaft 
encoders (table 1). A calibrated load cell was also used to measure the contact force 
from the pneumatic ram and all digital signal outputs were connected to the data 
acquisition system (DAQ). Pneumatic pressure was used to apply the load to the 
axles and the motor was controlled appropriately with a rotational speed controller. 
The testing was completed under dry lubrication conditions for all rotational cycles.  
 
Wheel Ø Rail Ø Normal Load Traction Force Cycles 
297mm 148mm 15kN 1485N 1 Million 
 
Table 1: Experimental parameters of the testing machine 
 
2.1.1   Testing samples 
 
The surface of the rail disc was modified using sand paper to produce varying 
surface topology around the circumference of the disc. Three samples were 
produced in total, with each allocated 25% of the disc surface area. This allowed a 
much broader range of data to be collected from the experiments and helped develop 
relationships between surfaces with different initial conditions. Figure 1 below 
shows a testing schematic of the two discs and the positions of the surface samples.  
 
 
Figure 1: Testing machine schematic and varying areas of roughness 
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2.2 Surface replication 
 
The surface replication technique is widely used in non-destructive metallographic 
analysis of surface topography, microstructure analysis, surface damage and analysis 
of cracks in axles. These surface replicas can be used to trace the smallest variation 
in surface topography [8] which proves vital in a wheel-rail contact analysis. In this 
research, the material used is produced by the Struers Company under the trade 
name of RepliSet-F5 and is made of fast-curing two-part silicone rubber. These 
replicas can be examined through light and scanning electron microscopes to 
identify surface cracks and other surface damage. Silicone rubber exhibits a high 
resolution of 0.1μm which ensures that minor deviations are observed, making it 
ideal for an investigation of surface cracks, damage and variations in roughness.   
 
2.3 Sample measurement 
 
Each surface replica was analysed using the Bruker DektakXT stylus profiler and 
Vision64 software. This machine was used to scan the surface of the replica using a 
2µm stylus tip which produced a negative profile of the surface. Two dimensional 
surface roughness data were obtained from the user interface, and three dimensional 
images of the surface were also developed using the replicas. An optical microscope 
was utilised to produce further images of the surface over the contract cycle.  
 
2.3.1   Two and three dimensional scans 
 
The majority of literature on the wheel-rail interface refers to longitudinal 
measurements of the disc surfaces during twin-disc machine research. The data 
obtained from the two dimensional scans in this study were measured transversely 
over the replica surface for a length of 5000μm (perpendicular to the running 
direction). Three dimensional profiles were also developed for an area of 1mm2 
across the replica surface, which represented an apparent area of the disc surface. 
Each scan presented a range of surface roughness data and surface parameters as 
given in section 2.4, which were used to determine interesting relationships.  
 
 
 
Figure 2: Transverse surface profile of a replica sample over 5000µm length 
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2.4 Parameters  
 
2.4.1   Arithmetic average height (Ra) 
 
This value is typically referred to as the average deviation of the roughness values 
with respect to the mean line and is not highly sensitive to large changes in peaks 
and valleys, which makes it widely used for determining the quality of surfaces.  
 
 
𝑅𝑎  =  
1
𝐿
∫ |𝑦(𝑥)|𝑑𝑥 =  
1
𝑛
∑|𝑦𝑖|
𝑛
𝑖=1
𝐿
0
 
 
(2) 
 
2.4.2   Root mean square roughness (Rq) 
 
The root mean square of the surface roughness can be used to determine the 
roughness level (dB). It quantifies the standard deviations of the surface heights and 
is therefore highly sensitive to large deformations above the original mean line. 
  
 
𝑅𝑞  = √
1
𝐿
∫ [𝑦(𝑥)]2𝑑𝑥
𝐿
0
  
 
 
(3) 
2.4.3   Ten point profile height (RZ) 
 
This value represents the difference in height of the five average highest peaks and 
the five average lowest peaks with respect to the mean line. Effectively it is the 
average distance from the bottom of the largest valley to the top of the largest peak.  
 
 
𝑅𝑍 =
1
𝑛
(∑ 𝑝𝑖 − ∑ 𝑣𝑖
𝑛
𝑖=1
𝑛
𝑖=1
) 
 
(4) 
 
2.4.5   Skewness (RSk) and Kurtosis (RKu) 
 
The topology of a surface profile can be described by the variations in skewness and 
kurtosis. Skewness is described by the third central moment of the probability 
density function, positive or negative values describe the magnitude of peaks or 
valleys respectively. Kurtosis can be used to numerically represent the sharpness of 
a profile. Values below 3 refer to a profile which has a relatively low amount of 
peaks and valleys, above this point therefore represents a sharper profile. 
 
 
𝑅𝑠𝑘 =
1
𝑅𝑞
3 (
1
𝐿
 ∫ [𝑦(𝑥)]3𝑑𝑥
𝐿
0
) 
 
 
(5) 
 
𝑅𝑘𝑢 =
1
𝑅𝑞4
(
1
𝐿
∫ [𝑦(𝑥)]4𝑑𝑥 
𝐿
0
) 
 
(6) 
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3  Results and discussion 
 
This experiment simulated the wheel-rail contact for approximately one million 
rotational cycles. Table 2 below shows the measured data for the three surface 
samples before and after testing was completed. An initial conclusion from these 
results is that the roughness level of the rail disc increased over a repeated number of 
contact cycles. It is also evident that the ten point height (RZ) of all three samples 
increased significantly with an increase in cycles. Although, this alone does not 
explain the full evolution of the surfaces, as the data obtained in between the start 
and finish of testing shows large amounts of variation. It is therefore fundamental to 
understand the condition of the rail disc surface during the entire experiment cycle.   
 
Initial Conditions (Post Machining) 
Sample 
Number 
Roughness  
(LR) 
Root Mean Sq. 
(Rq) 
Ten Point  
(RZ) 
Kurtosis 
(Rku) 
Skewness 
(Rsk) 
S1  -0.456 dB 0.948µm 4.88µm 2.965 0.152 
S2 -2.01 dB 0.793µm 4.13µm 2.819 0.568 
S3 -2.50 dB 0.749µm 3.96µm 3.08 0.909 
Final Conditions (Post Testing) 
S1 0.46 dB 1.054µm 6.51µm 3.093 -0.1375 
S2 -0.98 dB 0.894µm 5.37µm 3.008 -0.1365 
S3 2.38 dB 1.440µm 6.55µm 2.326 0.0660 
 
Table 2: Measured initial and final data of the surface samples 
 
It is interesting to note that all three samples varied with similar RZ magnitudes, 
although their initial surface properties were different after machining (figure 3). 
Further analysis of the results in table 2 shows that the skewness of each profile 
decreased over the experiment cycle and settled into more symmetrical values. The 
measured kurtosis values, also obtained from the stylus microscope, increased for 
samples S1 and S2 but showed a decrease for sample S3 during the experiment.  
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Figure 3: Variation in the ten point height (RZ) for each of the surface samples 
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3.1 Roughness level variation 
 
The use of frequency in this analysis helps determine the intensity of the roughness 
measurements based on a reference value of zero decibels. Figure 4 below shows the 
variation in the roughness level of the three surface samples in terms of rail traffic, 
expressed as millions of gross tonnes (MGT) with equation (7). This graph shows 
that surface samples S1 and S2 decreased in roughness significantly at the beginning 
of the experiment cycle up to 0.175 MGT, while the S3 sample showed an increase. 
Previously published literature by Tyfour [10] discussed measurements on active rail 
profiles which showed that the rail surface became smooth after one and a half days 
of running once grinding was completed. This statement is in line with the results 
presented below as the samples with the highest initial roughness showed an instant 
decrease at the start of testing. Sample S3 showed an increase in the roughness level, 
but work by [13] and the results in table 2 suggests the profile amplitude (RZ) of this 
sample after machining was near a saturation value of approximately 4µm.  
 
 
𝑀𝐺𝑇 =  
15000𝑁 ∙ #𝐶𝑦𝑐𝑙𝑒𝑠
(9.81𝑚/𝑠2) ∙ 1,000 ∙ 1,000,000
 
 
(7) 
 
 
 
Figure 4: Plot of the roughness level (dB) in terms of the calculated rail traffic 
 
Furthermore, previous work by Athukorala et al. [11] and Lewis et al. [12] discussed 
the effects of running-in wear and how this regime showed greater wear magnitudes 
than that of the steady-state wear regime. The graph above shows some correlation 
with these results, as clearly the deterioration of the surface has led to large 
fluctuations in the roughness level which may relate to variations in the wear rate 
during the running-in period, specifically for dry lubricated contact conditions.  
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3.2 Surface wear analysis 
 
A selection of images taken of the disc surfaces during testing using an optical 
microscope are shown in figure 5. These are particularly useful for observing the 
areas of stick and slip between the two discs during the experiment cycle. This 
phenomenon is clearly not evident after machining but is visible in the image of the 
surface after 10,000 cycles were completed.   
For the S1 sample, the evolution of the disc surface over the entire experiment 
cycle is explicitly shown in figure 6. These images are three dimensional scans of 
the surface replicas for an approximate surface area of 1mm2. Figure 6(a) shows the 
disc profile after machining and there is clearly evidence of a highly roughened 
surface. Furthermore, figure 6(e) shows some remaining evidence of this damage 
after 250,000 cycles but figure 6(h) shows no evidence of these scratches, although 
the surface now contains large quantities of asperities which are responsible for high 
roughness levels and reduced contact area, and therefore higher contact pressures. 
 
 
Surface after Machining 
 
 
Surface after 500k Cycles 
 
Surface after 10k Cycles 
 
Surface after 750k Cycles 
Figure 5: Selection of optical images for the first sample (S1) 
 
9 
 
A: After Machining (Zero Cycles) 
 
E: Surface after 250k Cycles 
 
B: Surface after 10k Cycles 
 
F: Surface after 500k Cycles 
 
C: Surface after 50k Cycles 
 
G: Surface after 750k Cycles 
 
D: Surface after 100k Cycles 
 
H: Surface after 1 Million Cycles 
Figure 6: Surface evolution of the samples taken for S1  
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3.3 Ideal surface wear model 
 
One of the key findings from the three-dimensional images is the nature of the 
surface after machining. This is not a well-studied area in the wheel-rail contact, but 
there is clearly some evidence that the condition of the profile after grinding is 
critical to how the rail surface wears over its total life cycle. Twin disc testing by 
Chen et al. [13] showed that the maximum profile amplitude (RZ) of a rail disc 
formed by grinding would decrease to some standardised value after approximately 
85,000 – 138,000 repeated cycles. A similar observation was seen during this testing 
phase, which is shown conclusively in figures 5(c) and 5(d). It appears that the 
maximum amplitude of the surface profile decreased up to approximately 100,000 
cycles and then proceeded to form a more wavy profile after 250,000 cycles. From 
these test results, an ideal surface wear model has been developed in figure 7. This 
shows the expected trend of the surface profile height over the wheel-rail contact 
cycle and takes into account all the data obtained for the ten point height (RZ) for 
each sample. The most conclusive results are during the running-in phase of the 
testing, which show that the profile amplitude decreases to approximately 3.8µm 
and begins to settle, before increasing in amplitude thereafter.  
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Figure 7: Ideal surface evolution model based on the ten point height (RZ) data 
 
The polynomial model for the initial running in phase of the experiment cycle is 
shown in equation (8); where N is the number of cycles up to 250,000 rotations. 
This formula suggests that the surface reaches a point of saturation at approximately 
190,000 cycles and then proceeds to increase in maximum profile amplitude (RZ). 
 
 𝑅𝑍  =  0.0223𝑁
2 − 8.787𝑁 + 4538.2 (8)    
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Furthermore, the graph shows that it seems quite likely most surface profiles will 
experience a decrease in roughness directly after grinding, as the nature of the 
surface profile contains large scratches and high amplitudes (figure 5a). After a 
varying amount of repeated cycles, the amplitude will stabilise in confirmation of 
results published by Chen el at. [13]. The results in this paper therefore show the 
surface variation after the surface has reached this saturation value, with figure 7 
showing that the profile amplitude will begin to increase after this point. Therefore, 
changes in the surface profile beyond this point would have then only been 
dependent on the contact patch conditions present during wheel-rail contact.  
 
4  Conclusion  
 
This paper has presented work which has highlighted the evolution of surface 
evolution during the wheel-rail contact cycle in terms of rail grinding and surface 
wear. Testing was completed using discs produced from AS1085.1-2002 rail steel to 
simulate the wheel-rail contact over a number of rotational cycles. New methods 
were employed using surface replicas to obtain data during the testing. Analysis of 
these surface replicas was completed using a stylus microscope to obtain both two-
dimensional and three dimensional data. In particular, the results have conclusively 
shown, using three-dimensional images and surface measurements, the following. 
 
 The surface profile amplitude of rail sections will generally decrease 
immediately after grinding up to a certain saturation value. This test shows 
that this value is approximately between 3.7µm and 3.85µm, which is quite 
close to the data obtained by Chen et al. [13]. Some results suggest the 
roughness amplitude will actually slightly increase during the initial phase of 
the wheel-rail contact but will then decline as previously mentioned. These 
results are also in line with previously published literature on active rail 
profiles which states that the rail surfaces became smooth after rail services 
were resumed post rail maintenance and grinding.  
 
 The skewness of each replica sample after testing was near-zero, suggesting 
there were no obvious peaks or valleys, and that the profiles were therefore 
quite symmetrical. Each sample had a positive skewness initially, and had 
therefore been reduced to more flat profiles. The kurtosis measurements for 
all samples were near or below the standard value of 3 after testing.  
 
 Generally the data obtained from the three-dimensional images (stylus and 
optical) showed the surface was quite worn after machining. The occurrence 
of stick and slip during the testing appeared to remove these surface defects, 
resulting in a more smooth profile after 50,000 cycles were completed.  
 
 Ultimately the surface roughness of the profiles is seen to vary over the 
wheel-rail contact cycle. More conclusive results were found in the surface 
profile amplitudes, which will initially reduce during surface modification 
and then increase after removing a majority of the surface damage.  
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